Abstract: A system of alkali-activated fly ash (FA)/slag (AAFS) mixtures as a clinkerless cement 21 was investigated with different dosages of Na 2 CO 3 , as a sustainable activator. The effect of 22 incorporating various proportions of reactive magnesia (MgO) was also examined. Mechanical, 23 mineralogical, and microstructural characterisation of the cement pastes was carried out using the 24 unconfined compressive strength, X-ray diffraction, thermogravimetric analysis, infrared 25 spectroscopy and scanning electron microscopy. It was found that the strength of Na 2 CO 3 activated 26 FA/slag mixtures generally increased with time and the Na 2 CO 3 dosage. The hydration products 27 were mainly C-(N)-A-S-H gel of low-crystallinity, which is rich in Al and may have included Na in 28 its structure, and hydrotalcite-like phases. Adding reactive MgO in the mixes showed an 29 accelerating effect on the hydration rate as suggested by the isothermal calorimetry data. 
Introduction

46
Portland cement (PC) and concrete are extensively used in the construction industry because of their remarkable technical performance and durability as well as their low cost. However, limestone by reactive MgO remarkably increased the early strength and slightly increased the 118 28-day strength. The effect of MgO reactivity on the strength, shrinkage, and microstructure 119 of sodium silicate and sodium carbonate-activated slag was studied by [29] [30] [31] . They found 120 that adding reactive MgO into the AAC can effectively reduce the drying shrinkage and 121 increase the strength depending on the reactivity and the content of reactive MgO. However, 122 there is no literature on the role of reactive MgO in Na 2 CO 3 -activated slag/fly ash system.
123
Hence the aim of this paper is to examine the effect of combining reactive MgO and Na 2 CO 3 124 for the activation of fly ash and slag blends on the strength, reaction kinetics, and hydration 125 products and microstructure. 
Materials and Methods
127
The GGBS used was supplied by Hanson cement, UK, and has basicity ( = Clinkerless systems were prepared from GGBS, FA, and MgO and activated by Na 2 CO 3 . All weight of the total binder as shown in Table 2 .
148 Table 2 The mix proportions used in this study mixed by hand in a bowl followed by 5 minutes' dry mixing in a mixer to which the Na 2 CO 3
152
solution was then added. The mixer was stopped after 3 minutes of slow mixing, to collect any unmixed solids scraped from the sides of the mixing bowl and the paddle into the bowl.
154
Then 2 more minutes of slow mixing and 5 minutes of fast mixing were applied to ensure 155 homogeneity. For each mix, the freshly mixed cement paste was placed into 40 x 40 x 40 mm 156 steel cubic moulds in three layers, and in between each layer the mixture was tapped with a 157 spatula for at least 25 times in two directions to remove the air voids. The samples were 158 demoulded after 2 days of curing and then cured in a water tank at temperatures between 20 ± 159 2 °C until the designed testing age. The demoulding time was done after 48 hrs because some 160 mixes were too soft to be demoulded after 24 hrs in agreement to [32] .
161
Isothermal calorimetry experiments were conducted using a TAM Air Isothermal calorimeter, 
166
The compressive strength testing was carried out using Controls Advantest 9 with a maximum 167 capacity of 250 kN and a loading rate of 2400 N/s. Triplicate cubes were tested at ages of 3, 7, 168 28, 56 and 90 days and the strength reported was an average of the three specimens.
169
Immediately after the compressive strength test at 28days, selected samples for 170 microstructural analyses were immersed in acetone for three days in order to stop any further 171 hydration. Then the samples were filtered to remove the acetone followed by vacuum drying 172 in a desiccator. The samples were then put in the oven at 60°C for at least 24 hrs. Thereafter,
173
part of the samples was crushed and ground in the agate mortar until passing the 75 μm sieve.
174
The powders obtained were sealed in plastic vials for further analysis.
dripped. After the acetone evaporated, the sample was affixed to the slide and placed in the 
Hydration Products 253
The evolution of crystalline phases in the mixes at different ages is shown Fig. 3 . In samples 254 cured for 3 days (Fig. 3a) , the broad hump present in the non-hydrated slag in the 2θ region of 255 25-38° slightly diminished during the first days of hydration and a new diffuse peak at about 256 2θ = 29.5° appeared. This peak is assigned to C-S-H phase or calcite. C-S-H is generally 257 considered to be poorly crystalline but its crystallinity in alkali-activated slag has already 258 been reported by [40] . However, calcite occurrence is possible due to the recarbonation of Ca and some quartz, indicating the presence of unreacted FA, were also observed.
270
After 28 days of curing (Fig. 3b) , the peaks of gaylussite disappeared on mixes containing 271 only 5% Na 2 CO 3 and decreased on mixes containing 10% Na 2 CO 3 . Also the intensities of 
Significant increase in the intensities of the reflections assigned to hydrotalcite and C-A-S-H
275 along with the decrease of quartz and MgO were observed at 180 days (Fig 3c) . It is clear that 276 the presence of MgO lead to the formation of more hydrotalcite-like phases and it seems that 277 after this extended curing age that the C-A-S-H gel and hydrotalcite-like phases were the 278 major hydration products, which agrees with the findings of [12, 16, 19, 28, 37] . Moreover, The TG curves in Fig.4 show that four main humps were observed. 
302
The total weight loss (indicating the chemically bound water content) and the bound water 303 content in C-S-H are often used as a measurement of the hydration extent of blended cements
304
[50]. The calculated weight losses from TG data at different ages were summarised in Table   305 3, where the total weight loss was denoted as Δm. It can be seen that increasing the activator 
315
The reduction of these values at 28 days compared to 3 days values could be due to the 316 overestimation of the weight loss associated to this peak as it overlapped with the third peak 317 as shown in Fig. 4a . It was found the total weight loss after 180 days did not change 318 significantly but the most apparent feature at this age was the disappearance of the third peak 319 as shown in Fig. 4c . The FTIR spectra for the 28-day samples are presented in 
Microstructural Analysis 356
The microstructures of the mixes were quite similar. The micrograph of blends without 357 Na 2 CO 3 (Fig.7a) shows a loose network and many unhydrated slag grains, which explains the In all blends, C-S-H gel is the main feature of the microstructure with some fly ash remaining 364 unreacted. That unreacted particles were easily found suggests that fly ash is not, at least at 365 early ages, interacting with the cementing phase on a chemical level which is not unusual 366 even in AAF (geopolymer) mixtures [10] [11] [12] . Regarding the C-S-H gel, it may belong to a 367 low-crystalline calcium silicate hydrate rich in Al, which includes Na into its structure [12] . indicates the presence of hydrotalcite-like phases (Fig. 8-b) , while the presence of a positive due to the increased Al content in hydrotalcite-like phase which was also observed by [29] .
381
The range of Na/Si in the investigated samples was from 0.18 to 0.7 as shown in Fig. 8c . The 382 role of Na in the structure of the reaction products is to balance the negative framework 383 charge induced by the incorporation of Al [12, 58] . 
Conclusion
390
The strength of the AAFS mixes highly depends on the activator dosage and it was clear that 
